Folate deficiency during embryogenesis is an established risk factor for neural tube defects in the fetus. An adequate folate nutritional status is also important for normal fetal growth and brain development. The aim of the present research was to study the association between folic acid use of the mother during pregnancy and child behavioural development. Within a population-based cohort, we prospectively assessed folic acid supplement use during the first trimester by questionnaire. Child behavioural and emotional problems were assessed with the Child Behaviour Checklist at the age of 18 months in 4214 toddlers. Results showed that children of mothers who did not use folic acid supplements in the first trimester had a higher risk of total problems (OR 1·44; 95 % CI 1·12, 1·86). Folic acid supplement use protected both from internalising (OR of no supplement use 1·65; 95 % CI 1·24, 2·19) and externalising problems (OR 1·45; 95 % CI 1·17, 1·80), even when adjusted for maternal characteristics. Birth weight and size of the fetal head did not mediate the association between folic acid use and child behaviour. In conclusion, inadequate use of folic acid supplements during early pregnancy may be associated with a higher risk of behavioural problems in the offspring. Folic acid supplementation in early pregnancy, aimed to prevent neural tube defects, may also reduce mental health problems in children.
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Folic acid supplements: Pregnancy: Infant behaviour: Epidemiology
Folic acid, an essential micronutrient, is involved in the synthesis of DNA, RNA and proteins (1) . A deficiency in folate during pregnancy is a well-known risk factor for neural tube defects (2, 3) . Moreover, an adequate folate status is important for normal fetal growth (4) . Animal studies have established essential roles for folates in the development of the central nervous system as well. Folates influence neuronal and glial growth and proliferation, and are indirectly involved in the synthesis of neurotransmitters, such as dopamine, noradrenaline, adrenaline and serotonin (5, 6) . Information on the association between prenatal folate status and human neurodevelopment after closure of the neural tube is scarce and inconclusive. Following the reported coincidence of an increased risk of schizophrenia with an increased risk of neural tube defects in mothers exposed to severe famine during the preconceptional period, it has been hypothesised that maternal low folate is a risk factor for developing schizophrenia (7) . Brown et al. found an association between maternal hyperhomocysteinaemia, which is inversely related to folate, in the third trimester of pregnancy, and the risk of adult schizophrenia (8) . Several inborn errors of folate mechanism give rise to mental retardation and autistic symptoms (9, 10) . On the other hand, Tamura et al. found no differences in neuropsychological test scores between children exposed to low and high folates in pregnancy (11) . Whether maternal folate deficiencies are related to behavioural problems in the offspring is yet unclear.
The present study examines the association between folic acid use during the first trimester of pregnancy and child behavioural and emotional problems. We hypothesised that inadequate folic acid supplement use during embryogenesis was related to a higher risk of behavioural problems in the offspring.
Methods

Setting
The present study was conducted within the Generation R Study, a population-based cohort in Rotterdam, The Netherlands (12) . Enrolment was aimed in early pregnancy. All children were born between April 2002 and January 2006 and form a prenatally enrolled birth cohort that is currently being followed until young adulthood. The study was conducted in accordance with the guidelines proposed in the World Medical Association Declaration of Helsinki and has been approved by the Medical Ethics Committee of the Erasmus Medical Center, Rotterdam. After complete description of the study to the adult subjects, written informed consent was obtained.
Study population
In total, 7654 live born children and their mothers, who were prenatally included in Generation R, were approached for postnatal consent. Of these, mothers without information on folic acid supplement use in early pregnancy were excluded (n 1139; 14·9 %). Of the children, twenty-four died in the first few months after birth. The remaining 6491 children were eligible for the present study. Mothers of 788 children refused full consent for postnatal participation. Another 1489 mothers did not complete the 18-month questionnaire. Information on child behavioural problems at age 18 months was available in 4214 toddlers (64·9 % of 6491 toddlers). Some mothers participated with two children (n 268), and another four mothers participated with three children. Since results did not differ after random exclusion of one or two of these siblings, they were included in the analyses.
Maternal folic acid use
Information on folic acid use as a single or multivitamin preparation in the first trimester was obtained by questionnaire in early pregnancy (gestational age , 18 weeks). Pregnant women were asked whether they used folic acid supplements and when supplementation was started (before pregnancy, as soon as pregnancy was known, later in pregnancy). Since results did not differ between women who started folic acid supplement use preconceptionally and women who started within the first 10 weeks of pregnancy, we categorised folic acid supplement use into 'preconceptional start or start during the first 10 weeks of pregnancy' and 'no use during embryogenesis'.
Self-reported folic acid supplement use was validated by serum folate levels in a small subsample of the present study (n 272). Blood samples were collected between 7 and 12 weeks of gestation. Within mothers who reported using folic acid supplements (n 204; 75 %), the median of serum folate was 23·5 (95 % CI 4·3, 45·3) nmol/l, whereas the median serum folate level within mothers who did not use folic acid supplements (n 68; 25 %) was 11·1 (95 % CI 4·7, 29·6) nmol/l. The difference in distribution function (Mann-Whitney test) is statistically significant (P, 0·001).
Child behavioural and emotional problems
The Child Behaviour Checklist for toddlers (CBCL/1 1 2 -5) is a self-administered questionnaire and was used to obtain standardised parent reports of children's problem behaviours. The CBCL/1 1 2 -5 contains ninety-nine problem items, which are scored on seven empirically based syndromes that were derived by factor analyses: emotionally reactive, anxious/ depressed, somatic complaints, withdrawn, sleep problems, attention problems, and aggressive behaviour. The broadband scale 'internalising' is the sum score of items in the first four syndrome scales, whereas 'externalising' is the sum score of attention problems and aggressive behaviour. 'Total problems' is the sum score of all ninety-nine problem items. Each item is scored 0 ¼ not true, 1 ¼ somewhat or sometimes true, and 2 ¼ very true or often true, based on the preceding 2 months. Good reliability and validity have been reported for the CBCL (13) . We used the borderline cut-off scores (83rd percentile for the broadband scales and 93rd percentile for the syndrome scales of a Dutch norm group (14) ) to classify children as having behavioural problems in the borderline or clinical range.
Covariates
Date of birth, birth weight, birth order and sex of the infant were obtained from midwife and hospital registries at birth. We established gestational age by using the fetal ultrasound examinations within the Generation R Study. Head circumference, biparietal diameter, transcerebellar diameter and atrial width of the lateral ventricle were assessed by fetal ultrasound in late pregnancy (median gestational age 30 weeks, 95 % CI 28, 33 weeks) using standardised ultrasound protocols. Information about parental age, educational level, national origin, maternal psychopathology and pregnancy planning was obtained by questionnaire. We adjusted our associations for both maternal and paternal age, since several studies showed associations between parental age and neurodevelopmental outcome (15, 16) . The highest completed education (primary school, secondary school, and higher education) was decided on the educational level of the mother. The pregnant woman was of non-Dutch origin if one of her parents was born abroad. If both parents of the participating mother were born abroad, we used the country of birth of the mother of the mother to classify the ethnic background. We classified national origin into five categories: (a) Dutch; (b) other Western; (c) Turkish or Moroccan; (d) Surinamese or Antillean; (e) other non-Western. To assess maternal and paternal psychopathology in mid-pregnancy (gestational age 18-25 weeks), we used the Brief Symptom Inventory (17, 18) . The score on the Global Severity Index was standardised and used as a continuous variable. Maternal smoking and maternal alcohol use were assessed at three time points during pregnancy (early pregnancy, mid-pregnancy and late pregnancy) and categorised into 'yes, during pregnancy' and 'no use during pregnancy'. We measured weight and height of the pregnant women three times in pregnancy during visits at the research centre. BMI was calculated by dividing weight by squared height. Breast-feeding was assessed at 2, 6 and 12 months of age. We categorised breast-feeding into 'stopped before 3 months of age' and 'continued breast-feeding after 3 months of age'.
Statistical analyses
Differences in baseline characteristics between mothers who used and did not use folic acid supplements were compared with the x 2 statistic for categorical variables, independent t tests for continuous normally distributed variables and Mann-Whitney U tests for continuous non-normally distributed variables. Successive logistic regression models are presented to show whether the association between maternal folic acid use and behavioural problems holds up when potential confounders are controlled. Folic acid supplement use was the reference category in these analyses, and the OR represent a higher risk of behavioural problems in children of mothers who did not use folic acid supplements. Confounders were included in the final models if the effect estimate of folic acid use changed meaningfully (defined as more than 5 %). Interaction terms of folic acid use with all confounding variables were tested and included at a ¼ 0·15. Measures of association are presented with their 95 % CI. All quoted significance levels are two-sided P values. Statistical analyses were carried out using SPSS (version 11.0 for Windows; SPSS Inc., Chicago, IL, USA).
Response analyses
Analyses of missing data showed that children without information on behaviour weighed on average 110 (95 % CI 81, 139) g lower at birth (t ¼ 7·4; P,0·001), and had shorter gestation (median 40·0 (95 % CI 34·9, 42·3) weeks v. 40·1 (95 % CI 35·6, 42·4) weeks; P, 0·001) than children with behavioural data. Their mothers were on average 3·0 (95 % CI 2·8, 3·3) years younger (t ¼ 22·4; P, 0·001), lower educated (19·9 % primary level v. 5·7 %; x 2 ¼ 714 (df 2); P, 0·001), and less often of Dutch origin (29·6 v. 63·3 %; x 2 ¼ 858 (df 4); P,0·001) than mothers of children with behavioural data. They less often used folic acid supplements during the first trimester (44·9 v. 72·8 %; x 2 ¼ 526 (df 1); P,0·001).
Results
A description of the participating women and their children is presented in Table 1 . Several child and maternal characteristics differed widely between mothers who used folic acid during embryogenesis and mothers who did not. A total of 3067 mothers used 400 mg folic acid during embryogenesis. Of these, 1886 (61·5 %) mothers started supplement use at least 4 weeks before conception, whereas the other 1181 mothers started use as soon as pregnancy was known, within the first 10 weeks of gestation. In addition, 1274 mothers reported multivitamin preparation use at 12 weeks of gestation. Mothers who used folic acid were more often of Dutch origin, higher educated, were older, and had lower psychopathology scores than mothers who did not used folic acid (Table 1) . Folic acid supplementation during pregnancy was highly related to lifestyle factors as well, which can be seen in the differences in smoking, alcohol use and maternal BMI (see also Timmermans et al. (19) ). The children of mothers who used folic acid had higher birth weights, larger head circumferences and larger ventricular sizes in late pregnancy than children of mothers who did not use folic acid (Table 1) . Although the medians and 95 % CI of gestational age at birth between folic acid users and non-users seem very similar, the difference in distribution function is statistically significant. Children of mothers who did not use folic acid supplements were relatively more born during week 38 and 39 (12·3 þ 25·6 % in non-users v. 10·4 and 21·6 % in folic acid users), whereas children of mothers who used folic acid supplementation had a higher chance of being born during week 41 of gestation (20·6 % in folic acid users v. 14·8 % in non-users). Table 2 shows the association between the possible confounding variables and behavioural problems at the age of 18 months. Many of the considered covariates, such as age and sex of the child, birth weight, national origin, maternal educational level, smoking and alcohol use, maternal psychopathology and parental age, were significantly related to behavioural problems. Table 3 shows the association between maternal folic acid use during the first trimester and the CBCL total problems score at age 18 months. Model 1 of Table 2 was only adjusted for age and sex of the child. The OR for behavioural problems in children of mothers who did not use folic acid supplements during embryogenesis was 2·8 (95 % CI 2·2, 3·4) compared with children of mothers who used folic acid supplements. Model 2 introduces several confounding variables in the association of folic acid supplementation and child behavioural problems. The higher risk of behavioural problems in children of mothers who did not use folic acid supplements, albeit reduced to 1·4 (95 % CI 1·1, 1·9), remained statistically significant after adjustment for maternal age, educational level, national origin and psychopathology. Other parental characteristics, such as pregnancy planning, maternal smoking during pregnancy, maternal alcohol use during pregnancy, maternal BMI, paternal age and breast-feeding, did not further confound the effect of folic acid use on behavioural problems. Models 3 and 4 (see Table 3 ) show whether the association between folic acid use and offspring behaviour was mediated by fetal growth. Birth weight and head circumference were not related to behavioural outcome after adjustment for maternal characteristics and therefore did not mediate the association between folic acid use and child behaviour. Gestational age at birth was related to behavioural outcome (OR 0·9; 95 % CI 0·9, 1·0), but did not change the effect estimate of folic acid use on behavioural outcome. Similarly, transcerebellar diameter and atrial width of the lateral ventricle during late pregnancy did not explain the association between folic acid use and child behavioural problems (OR after adjustment for these factors 1·4 (95 % CI 1·1, 1·9; P¼0·004)). None of the interaction terms between folic acid use and the explanatory variables was significant at a ¼ 0·15.
To avoid major effects of misclassification of the determinant, we also conducted the following analyses. First, within a subsample of 272 mothers, we used actual serum folate level to classify users and non-users at a cut-off value of 19·0 nmol/l. This yielded an OR of 1·7 (95 % CI 0·7, 4·1; P¼0·2) for total problems in 18-month-old children of mothers who had a low serum folate level compared with children of mothers who had a high serum folate level in early pregnancy. Second, we excluded mothers who reported multivitamin preparation use during the first trimester (n 1274) and reran the analyses. The adjusted OR for total problems at 18 months of age was 1·34 (95 % CI 1·0, 1·8; P¼0·04) in children of mothers who did not use any folic acid-containing supplements compared with children of mothers who used folic acid-only supplements. Table 4 shows the association between folic acid use during the first trimester and the broadband and syndrome scales of the CBCL, after adjustment for maternal characteristics. The analyses in Table 4 were, like model 2 in Table 3 , adjusted for variables that confound the association between folic acid supplement use and behavioural problems. Since gestational age at birth, birth weight and head growth parameters in late pregnancy did not mediate the associations, they were excluded from the analyses. Children of mothers who did not use folic acid supplements had a higher risk of internalising problems (OR 1·7; 95 % CI 1·2, 2·2) and of externalising problems (OR 1·5; 95 % CI 1·2, 1·8). When we stratified our sample on the basis of national origin, all OR for externalising and internalising problems were above 1.
In the Dutch group (n 2662), the OR for externalising problems in children of mothers who did not use folic acid supplements was 1·8 (95 % CI 1·4, 2·5; P, 0·001).
Maternal folic acid use was significantly related to three syndrome scales (Table 4 ). The odds for showing withdrawn behaviour were 48 % higher when mothers did not use folic acid supplements in early pregnancy. Second, use of folic acid supplements was related to a lower risk of attention problems and aggressive behaviour. Mothers who started folic acid supplement use after 10 weeks of pregnancy (n 507) had no lower risk of behavioural problems on any of the subscales compared with mothers who never used folic acid supplements during pregnancy (n 640) (data not shown).
Discussion
The present study showed that children of mothers who used folic acid supplements during early pregnancy had a significantly lower risk of behavioural problems, compared with children of mothers who did not use folic acid supplementation.
Apart from the preventive effects of folic acid on neural tube defects (2, 3) , several lines of research suggest that folates during early pregnancy are important for fetal growth and development. Experimental studies in animals showed the negative effects of prenatal folate deficiency on neural development (5) and virtually all inborn errors of folate metabolism are associated with mental retardation (20) . One of the very few studies on human neurodevelopment found no significant association between folate nutritional status of pregnant women and mental and psychomotor development in their children at 5 years of age (11) . The discrepancy between our findings and these results from Tamura et al. may be explained by the small number of mothers with low plasma folate, and the follow-up of a non-population-based sample of educationally and environmentally deprived women in their study (11) . Furthermore, the inconsistency may be explained by differences in measurement of folate intake and neurodevelopmental outcome.
Several potential mechanisms may explain the association between folic acid use by pregnant women and behavioural problems in the offspring. First, folates may directly affect the developing central nervous system. It is still not clear whether neural tube defects arise from folate deficiency, or whether folate supplementation overcomes an intrinsic defect in folate metabolism (1, 21) . Folate is important in neurogenesis, in cell growth and proliferation, and in myelination. Furthermore, folate has been linked to the synthesis of catecholamine neurotransmitters and serotonin (22) . Additionally, animal studies provided information on the requirements for folate intake later in fetal gestation. Craciunescu et al. (5) reported that dietary folic acid availability affects mouse brain development long after neural tube closure by influencing cell mitosis and apoptosis in the brain. Although we did not find significant mediation by the size of the cerebrum, cerebellum or ventricles, our findings may be explained by subtle changes in neuronal and glial growth and proliferation or on the level of neurotransmitters.
Second, indirect effects on fetal growth may explain the effects of prenatal folate deficiency on behavioural problems in young children. Iyengar & Rajalakshmi (4) and Scholl & Johnson (23) described higher birth weights in children of mothers who used folic acid supplementation during pregnancy. The effects of folate on placental vasculopathy (24) or on DNA methylation of growth hormones in fetal tissues serve as possible mechanisms. A lower birth weight has, in turn, been related to behavioural and emotional problems (25) . However, the present results do not underscore the hypothesis that birth weight mediates the effects of folate deficiency in prenatal life on behavioural development.
Third, an alternative indirect effect of folate deficiency may be de novo mutations or epigenetic dysregulation of genes. McClellan et al. hypothesised that the higher incidence of schizophrenia in offspring exposed to prenatal famine may be due to de novo mutations or epigenetic modifications (26) . Animal studies showed that expression of genes could be modified by maternal folate supplementation. In the agouti mouse, for example, dietary supplementation was highly correlated with the degree of methylation, which in turn predicted coat colour and a higher risk of obesity, cancer, diabetes and short life span (27) . Fourth, the findings of the present study may be explained by the epiphenomenona of folic acid use during pregnancy. The present study showed that folic acid supplementation is highly related to socio-economic class and lifestyle determinants. Maternal characteristics, such as age, educational level, national origin and psychopathology, were important confounders in the reported association, although they did not completely erode the effect of prenatal folates on child behaviour. Nevertheless, residual confounding remains an issue in all observational studies. For example, intake of other macro-and micronutrients, as well as genetic polymorphisms that could affect folate metabolism, may well serve as additional confounding factors. A relatively large proportion of mothers reporting folic acid supplement use also used multivitamins during early pregnancy. We tried to overcome this problem of misclassification by excluding mothers who reported multivitamin use, but residual confounding may still affect the present results. Although the information on maternal dietary intake as well as genetic information in both mothers and children were collected within the Generation R Study, the data are not ready for analyses.
Other methodological considerations include selection and information bias. Children and mothers without information on behavioural outcome differed from families with behavioural information on both the determinant (folic acid use during pregnancy) and several confounding factors. The use of self-reports of folic acid supplement use during pregnancy is a second potential limitation. However, validation studies (28) showed that self-reported intake of folic acid supplements strongly correlated with serum folates, which was replicated in a small subsample of the present study. Moreover, we prospectively assessed supplement use in early pregnancy, which makes recall bias unlikely. Another source of possible reporter bias is the use of a mother report to assess behavioural problems, as well as the use of self-reported information to assess maternal psychopathology. This important confounding variable was measured with the Brief Symptom Inventory, which is a validated self-report on symptoms of psychopathology, but does not provide information on Diagnostic and Statistical Manual of Mental Disorders, 4th edition (DSM-IV) diagnoses.
In conclusion, in our data, failure to use folic acid supplements during early pregnancy is associated with child behavioural and emotional problems later in life. Future studies are needed to replicate the association and to investigate whether prenatal folate deficiency also predicts neurodevelopmental disorders, such as attention-deficit hyperactivity disorder and schizophrenia. Despite the current recommendations of adequate folic acid use, still many pregnant women, and in particular those with other vulnerability markers for physical and mental health, do not use folic acid supplements preconceptionally or as soon as pregnancy is known. Development and application of preconceptional health educational programmes to improve intake of folic acid and other health-related behaviours is therefore highly recommended. 
